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Drosophila melanogaster genetics provides the advantage of mo-
lecularly defined P-element insertions and deletions that span the
entire genome. Although Drosophila has been extensively used as
a model system to study heart development, it has not been used
to dissect the genetics of adult human heart disease because of an
inability to phenotype the adult fly heart in vivo. Here we report
the development of a strategy to measure cardiac function in
awake adult Drosophila that opens the field of Drosophila genetics
to the study of human dilated cardiomyopathies. Through the
application of optical coherence tomography, we accurately dis-
tinguish between normal and abnormal cardiac function based on
measurements of internal cardiac chamber dimensions in vivo.
Normal Drosophila have a fractional shortening of 87 � 4%,
whereas cardiomyopathic flies that contain a mutation in troponin
I or tropomyosin show severe impairment of systolic function. To
determine whether the fly can be used as a model system to
recapitulate human dilated cardiomyopathy, we generated trans-
genic Drosophila with inducible cardiac expression of a mutant of
human �-sarcoglycan (�sgS151A), which has previously been asso-
ciated with familial dilated cardiomyopathy. Compared to trans-
genic flies overexpressing wild-type �sg, or the standard labora-
tory strain w1118, Drosophila expressing �sgS151A developed
marked impairment of systolic function and significantly enlarged
cardiac chambers. These data illustrate the utility of Drosophila as
a model system to study dilated cardiomyopathy and the applica-
bility of the vast genetic resources available in Drosophila to
systematically study the genetic mechanisms responsible for hu-
man cardiac disease.

optical coherence tomography � cardiomyopathy

The recent generation of �19,000 high-density P-element and
PiggyBac element insertions throughout the Drosophila ge-

nome provides the unique advantage to screen an entire genome
and rapidly map candidate genes, features not yet applicable to
any other species including the mouse genome (1, 2). Drosophila
has emerged as a powerful model system for a number of human
diseases including neurodegenerative diseases such as Alzhei-
mer’s and Parkinson’s diseases (3, 4), diabetes (5), and cancer
(6). However, Drosophila has not been used to study cardiomy-
opathy in the postdevelopmental heart because of the inability
to phenotype normal and abnormal cardiac function and struc-
ture in the adult f ly. In the larvae, the dorsal vessel gives rise to
the adult Drosophila mature heart (7). Although the fly has been
used extensively to study heart development, previous studies of
adult Drosophila cardiac structure were limited to low magnifi-
cation (7) or focused on age-related changes (8, 9). Prior studies
of adult Drosophila cardiac function have relied solely on mea-
surements of heart rate parameters, often derived from edge-
measurement microscopy or electrical pacing methods (10–13).
These methods generate valuable information about heart rate
and rhythm, but are based on measurements of the external
surface of the heart and do not provide information about the
internal cardiac chamber dimensions and cardiac function that
would be required to identify cardiomyopathic phenotypes. The
ability to accurately phenotype dilated cardiomyopathy in adult
Drosophila would provide an avenue to the vast genetic resources

available in Drosophila genetics, including the enormous collec-
tion of P-element insertions and genomic deletions (1, 2).

Optical coherence tomography (OCT) (14, 15) is a noninva-
sive, nondestructive imaging technique that can provide micro-
scopic tomographic sectioning of biologic tissues. By measuring
singly backscattered light as a function of depth, OCT provides
subsurface imaging with high spatial resolution (�10 �m) in vivo
with no contact needed between the probe and the tissue (14,
15), obviating the need for anesthetizing agents that can seriously
confound the interpretation of data because of anesthetic-
induced arrhythmias and alterations in cardiac systolic and
diastolic properties (16–19).

In this study, we applied OCT to noninvasively image the heart
in adult awake Drosophila and demonstrate the acquisition of
image information that is analogous to clinical parameters
obtained by echocardiography in humans. We show that this
strategy can readily distinguish normal cardiac function from
cardiomyopathy in adult Drosophila that possess a point muta-
tion in troponin I, lack an isoform of tropomyosin 2, or have a
genomic deletion of dystrophin. Furthermore, we created Dro-
sophila that carry a transgene encoding �sgS151A, a mutant
human �sg associated with human dilated cardiomyopathy (20),
and demonstrate that Drosophila can develop inducible heart
failure, thus recapitulating characteristics of human cardiomy-
opathy. These data illustrate that Drosophila can be used as a
model system to explore the role of novel human mutations in
the development of dilated cardiomyopathy. Therefore, we
postulate that the application of OCT would provide the means
to accurately phenotype cardiac function in adult awake Dro-
sophila, thus opening the study of human cardiomyopathies to
Drosophila genetics.

Results
Characterization of Cardiac Function in Awake Adult w1118 Drosophila
by OCT. Because the identification of mutations in Drosophila that
cause dilated cardiomyopathy requires a rapid and precise
method to measure cardiac function, we tested whether OCT
could be applied to accurately phenotype cardiomyopathy in the
awake adult f ly. To determine normal adult Drosophila cardiac
function, we examined males and females of a standard strain
(w1118) and wild-type Oregon-R wild-type strain at 7, 14, and 30
days of age. To avoid possible anesthetic-associated cardiac
arrhythmias that can complicate the analysis of cardiac function
(17, 19), we used awake Drosophila in all of our studies. Flies
were briefly sedated by continuous CO2 and gently placed on a
soft gel support with the dorsal side facing the OCT source. Flies
were then removed from CO2 flow for at least 20 min and
allowed to return to a fully awake state as ascertained by
movement of the head, body, and extremities (Fig. 1A). OCT
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images were acquired with a sweep speed of 4,000 lines per
second using 1,300-nm wavelength light directed either in the
transverse or longitudinal orientation. Remarkably, OCT pro-
vided images that bore striking resemblance to the structures
initially described in histological sketches of the Drosophila
circulatory system by Miller in 1950 (21) and correlated with
histological sections of intact f lies (see Fig. 5, which is published
as supporting information on the PNAS web site). The cardiac
chamber was readily visualized along the midline at the A1–A3
abdominal segments underneath the dorsal cuticle surface. The
cardiac chamber demonstrated regular rhythmic contractions
with occasional episodes of irregular activity, consistent with
prior studies of heart rhythm in the fly (11, 22) (see Movie 1,
which is published as supporting information on the PNAS web
site). M-mode OCT imaging provided detailed measurements of
the internal cardiac chamber parameters with an end-diastolic
dimension (EDD) of 76 � 3 �m, an end systolic dimension
(ESD) of 8 � 2 �m, and a fractional shortening (FS) of 90 � 2%
(Fig. 1 B and C and Table 1, which is published as supporting
information on the PNAS web site). All parameters were similar
among flies of both sexes and different ages (7, 14, and 30 days).
Furthermore, heart rate (HR), but not EDD, ESD, and FS, was
temperature dependent (HR 271 � 13 bpm at 22°C vs. 511 � 26
bpm at 38°C; P � 0.001, see Table 1). Cardiac parameters of
Oregon-R wild-type Drosophila were indistinguishable from
those of w1118 (see Table 1, which is published as supporting
information on the PNAS web site).

Identification of Dilated Cardiomyopathy in Drosophila That Have a
Mutation in Troponin I. Next, we sought to identify abnormal
cardiac function consistent with a phenotype of dilated cardio-

myopathy by examining flies with mutations in sarcomeric
contractile proteins. held-up2 (hdp2) were initially characterized
from a mutagenesis screen designed to produce abnormalities in
flight. The troponin I in hdp2 contains a single amino acid
substitution that replaces alanine at position 55 with valine (23).
hdp2 f lies have abnormal indirect f light musculature, with
degradation of sarcomeric integrity within 48 h after emergence
of the adult from the pupal case and, as a result, are flightless and
hold their wings upright (23). No prior cardiac abnormality has
been identified in hdp2. Through OCT imaging, we found that
homozygous TnI mutants have a significantly enlarged diastolic
chamber dimension with markedly impaired systolic function as
shown in the B-mode images (Fig. 2A and Movie 1) and the
M-mode analyses (Fig. 2B). Because the TnI flightless pheno-
type has been reported to be a recessive trait with respect to the
indirect f light musculature, we generated heterozygote TnI flies
to examine whether a single mutant allele would result in an
abnormal cardiac phenotype. Surprisingly, we found a partially
dominant effect because the heterozygote TnI demonstrated a
normal EDD but a markedly enlarged ESD and a severe
impairment in FS (Fig. 2B). Thus, TnI mutant heterozygotes
demonstrate impaired systolic function with preserved diastolic
dimensions, whereas the TnI mutant homozygotes have both
impaired systolic function and cardiac enlargement recapitulat-
ing the clinical phenotype of human dilated cardiomyopathy;
namely systolic dysfunction with or without cardiac chamber
enlargement (24).

The Ultrastructural Changes in hdp2 Hearts Are Distinct from the
Changes Seen in the Indirect Flight Musculature. Because the TnI
point mutation in hdp2 f lies has been reported to severely disrupt

Fig. 1. Imaging of cardiac function in awake, adult Drosophilia. (A) Representative plate of immobilized Drosophila on transparent gel support and acquired
B-mode images in longitudinal and transverse orientations. (B) Representative M-mode OCT image of a 7 day-old w1118. Depth scale, 150 �m; time scale, 1 s. (C)
Cardiac chamber parameters in w1118 at 7, 14, and 30 days of age at 22°C showing heart rate (HR) in beats per minute (bpm), end-diastolic dimension (EDD) in
�m, end-systolic dimension (ESD) in �m, and fractional shortening (FS). All data are expressed as individual data points (left) and mean � standard error (right);
no statistically significant differences were found in HR, EDD, ESD, or FS by one-way ANOVA.
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sarcomeric structure in the indirect f light muscles (23), we used
electron microscopy to compare the ultrastructure of w1118 and
hdp2 myocardium and indirect f light muscle. The myofibrils of
the circular wall of the cardiac chamber in w1118 were circum-
ferentially oriented in a shallow spiral, whereas the myofibrils of
the ventral outer muscular layer were longitudinally oriented
(Fig. 3A). In contrast to w1118, the outer and inner muscle layers
of the cardiac chamber of homozygote TnI were markedly
abnormal (Fig. 3B). Examination of the myocardial ultrastruc-
ture in homozygote TnI flies showed a considerably thinner
outer muscle layer and redundant basal lamina in the space
between the outer and inner walls (Fig. 3 A and B). Moreover,
the mutant myocardium showed considerable disorientation of
myofibrils throughout the inner layer (Fig. 3B) and displayed
swollen sarcoplasmic reticulum when compared to w1118; how-
ever, the T-tubule dyads appeared unaffected in the mutant (Fig.
3 C and D), and the ratio of thin and thick filaments in the
myocardium of homozygote TnI was similar to that in w1118 (Fig.
3 E and F), strikingly different from the marked deterioration of
the myofibrils of the indirect f light muscle (Fig. 3 G and H) (23).

Adult Drosophila with a Mutation in Tropomyosin 2 Have Dilated
Cardiomyopathy. We next determined whether a mutation in a
gene encoding another flight muscle protein, tropomyosin 2
(TM2), present in TM23 f lies, which creates a flightless pheno-
type due the absence of 1.7 and 1.9 kb TM2 mRNAs, also
produces a cardiomyopathic phenotype (25). Homozygous and
heterozygous TM23 mutant flies had heart rates that were similar
to wild-type flies but possessed enlarged cardiac chambers and
significant impairment in systolic function and FS compared to
w1118 (Table 2, which is published as supporting information on
the PNAS web site). Taken together, these data show that flight

muscle proteins of Drosophila also may be essential in the
physical integrity and performance of the heart.

Transgenic Drosophila That Carry a Gene Mutation in Human �-
Sarcoglycan (�sg) Recapitulate Human Familial Dilated Cardiomyop-
athy. Because Drosophila has used to explore several human
diseases (6, 26), we next examined the effects of a mutation in
human �sg that has been associated with, but not proven to directly
cause, dilated cardiomyopathy (20). We generated transgenic Dro-
sophila carrying either human wild-type �sg or �sgS151, (UAS-�sgwt

or UAS-�sgS151A) a mutation associated with familial dilated car-
diomyopathy (20). Importantly, the serine at amino acid 151 is
conserved between humans and Drosophila. Transgenic Drosophila
that expressed �sgS151A under control of cardiac tissue specific
p[tin-C]-GAL4 demonstrated impaired systolic function with en-
larged diastolic parameters as compared to either UAS-�sgwt;
p[tinC]-GAL4or w1118 flies (Fig. 4), indicating that �sgS151A has a
dominant-negative effect on cardiac dysfunction.

Because transgenes that are under the control of the tin-C
promoter are expressed from early development through adult-
hood (27–29), we next evaluated an inducible transgenic model.
p[hsp70]-GAL4; �sgwt or p[hsp70]-GAL4; �sgS151A flies had
similar cardiac parameters before heat shock induction, although
p[hsp70]-GAL4; �sgS151A flies had a slightly larger ESD (Fig. 4).
This finding is consistent with the known leakiness of the hsp70
promoter (30). However, heat shock-induced transgene expres-
sion resulted in impaired systolic function and enlarged diastolic
dimensions in �sgS151A, but not in wt-�sg (Fig. 4).

Discussion
Although Drosophila has been used to study cardiac develop-
ment (28, 31), the ability to investigate human dilated cardio-
myopathies in the adult has been limited. A major problem has

Fig. 2. A point mutation in Troponin I causes dilated cardiomyopathy in adult Drosophilia. (A) Representative longitudinal and transverse two-dimensional
B-mode OCT images of the cardiac chamber during diastole and systole in wild-type w1118 and homozygous TnI mutant Drosophila at 7 days of age. Arrows outline
the edges of the cardiac chamber in both phases of the cardiac cycle. (Scale, 150 �m.) (B) Representative M-mode OCT images and summary data for ESD and
FS from 7-day-old w1118, heterozygote, and homozygote TnI mutant Drosophila. Time scale, 1 s; dimension scale, 150 �m. *, P � 0.005 by ANOVA with Bonferroni
correction for multiple comparisons.
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been the lack of a method to accurately and rapidly identify
abnormalities in cardiac function that correlate with clinical
parameters used to characterize human cardiomyopathies. Prior
studies have used partially dissected cardiac preparations, as-
sumed internal chamber dimensions without direct measure-
ment, or relied on artificial external electrical pacing methods
under anesthesia (10, 11, 13, 32). Unfortunately, these methods
do not directly measure the internal cardiac chamber of the adult
f ly and are not readily applicable as phenotying strategies in
large genetic screens.

Our results are consistent with previous observations that
adult Drosophila do not display an age-related alteration in
EDD, ESD, and FS. Previous studies have found an age-related
decline in HR (11, 13); however, we did not observe this change.
Interestingly, the previous studies used 59-day-old flies and
volatile amine anesthetics that may have partially contributed to
the age-related decline HR. It is also possible that the awake flies
in our study may have experienced increased stress and therefore
did not manifest a decrease in HR at 21 days of age.

In our study, we applied OCT to adult awake Drosophila and
accurately determined cardiac function based on cardiac cycle-
dependent changes in internal chamber dimensions, analogous
to echocardiography in humans. To validate our phenotyping
method, we examined the cardiac function in Drosophila with
sarcomeric protein mutations. The effects of the A55V mutation
in troponin I have been described in the context of indirect f light

muscle structure and function (23); however, the influence of
this mutation on cardiac structure and function has not been
previously examined. The troponin I mutation is recessive with
respect to the flight phenotype; however, the cardiac phenotype
is more complex. We demonstrate an allelic dose dependence
because homozygote troponin I mutants show both increased
diastolic dimensions and impaired systolic function, whereas
heterozygotes have preserved diastolic dimensions and impaired
systolic function. In addition, the homozygous troponin I mutant
shows marked ultrastructural abnormalities.

Electron microscopic examination of indirect f light muscle
from the homozygous troponin I mutant demonstrated dramat-
ically altered sarcomeric ultrastructure, consistent with prior
studies (23, 33). In contrast to the indirect f light muscle, the
cardiac muscle of the homozygous troponin I mutant had more
subtle effects on the thin and thick filaments. The heart of the
homozygous troponin I mutant had a thinner outer muscular
layer and the appearance of a redundant basal lamina between
the inner and outer muscular layers suggestive of repetitive
injury and repair possibly in response to dilated cardiomyopathy.
Interestingly, Drosophila heart muscle has perforated Z discs
that allow for tremendous variation in sarcomere length (34) and

Fig. 3. Electron microscopy of the outer and inner layers of the cardiac
chamber from w1118 (A) and homozygous TnI mutant Drosophila (B) at �4,900
magnification; myocardial T tubule and sarcoplasmic reticulum in w1118 (C)
and homozygous TnI mutant (D) at �30,000 magnification; myocardial thin
and thick filaments in w1118 (E) and homozygous TnI mutant (F); and indirect
flight muscle from w1118 (G) and homozygous TnI mutant (H) at �10,500
magnification. OL, outer layer; IL, inner layer; BL, basal lamina; SR, sarcoplas-
mic reticulum; T, T tubule dyad; Z, Z disk.

Fig. 4. Representative M-mode OCT images (A) and summary data (B) for FS
and ESD from Drosophila harboring �sgwt and �sgS151A transgenes. �sgwt or
�sgS151A was driven by either tinC promoter-GAL4 for constitutive expression
or hsp70 promoter-GAL4 for inducible expression and cardiac function was
evaluated at 7 days of age. Time scale, 1 s; dimension scale, 150 �m. *, P � 0.005
by ANOVA with Bonferroni correction for multiple comparisons. dsg,
�-sarcoglycan.
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most likely contribute to the degree of dilation seen in the TnI
mutants. The exact ultrastructural changes that are responsible
for dilated cardiomyopathy will require further study.

Because the A55V troponin I mutation was present through-
out Drosophila cardiac development, we explored the possibility
of inducing dilated cardiomyopathy in adult Drosophila in the
postdevelopmental period by examining the effects of a mutant
human �sg. Mutations in sarcoglycans are associated with severe
cardiomyopathy and skeletal dystrophies and mouse models that
lack �sg manifest cardiac and skeletal muscle phenotypes that
resemble human limb girdle muscular dystrophy (35, 36). Inter-
estingly, �sg knockout mice have vascular smooth muscle irreg-
ularities and arterial vascular constrictions that result in focal
myocardial damage and leads to global cardiomyopathy (37–39).
Our findings that the expression of human �sgS151A, either under
the control of tinC-Gal4 or hsp70-Gal4, results in dilated car-
diomyopathy have two important implications. First, the �sgS151A

mutation acts as a dominant-negative mutation because dilated
cardiomyopathy is present when �sgS151A is expressed in the
context of endogenous Drosophila �sg. Second, the �sgS151A

mutation has a direct effect on myocyte function because the
Drosophila myocardium lacks a coronary vascular system and
therefore is not subject to the effect of vasospasm as described
in the �sg knockout mouse (31–33).

The troponin I and �sgS151A mutations provide an avenue to
identify potential genetic polymorphisms that influence the severity
of dilated cardiomyopathy by serving as genetic sensitizers in
potential modifier screens (40). For example, flies with troponin I
or �sgS151A mutation can be used as a cardiomyopathic sensitizer
gene and backcrossed into either Canton-S or Oregon-R strains to
derive recombinant inbred strains to examine the impact of genetic
strain differences on dilated cardiomyopathy. Then, single-
nucleotide polymorphism mapping strategies can be conducted to
identify quantitative trait loci corresponding to genomic regions
that contain protective or detrimental genetic modifiers of dilated
cardiomyopathy (41, 42). Identification of candidate genes from
these modifier screens can be tested in populations of individuals
with heart failure and thereby provide an unbiased avenue using
Drosophila to find potential markers that correspond to human
disease progression.

Drosophila genetic screens have been successfully used to
address fundamentally important questions concerning embry-
onic development and cellular signaling mechanisms (40, 43).
Large-scale Drosophila screens to identify genetic components
that are responsible for adult cardiomyopathies have not been
conducted because of the inability to rapidly and accurately
phenotype normal and abnormal cardiac function in adult
Drosophila. Our study opens the investigation of human cardio-
myopathies to Drosophila genetics and illustrates that the fly
could be used to identify genes involved in human dilated
cardiomyopathy. Recent efforts to enhance the applicability of
Drosophila as a genetic screening tool led to the generation of
19,000 P-element and PiggyBac element insertion strains that
can be used to produce molecularly defined deletions throughout
the fly genome (1, 2). To examine our phenotyping strategy, we
initiated an initial screen of Exelixis stocks covering �200 genes
and identified dilated cardiomyopathy in a stock that was
haploinsufficient for dystrophin (see Fig. 6, which is published as
supporting information on the PNAS web site). Because OCT
data acquisition takes �1 min per fly, we can analyze two to
three mutant stocks per day. We anticipate that the near
complete evaluation of the Drosophila genome can be accom-
plished in �1 year, and predict that a high-throughput pheno-
type-driven screen for dilated cardiomyopathy will identify genes
responsible for this prevalent human disease.

Materials and Methods
Drosophila Stocks and Breeding. w1118, Oregon-R, TM23, and Ex-
elixis stocks were obtained from the Drosophila Stock Center
(Bloomington, IN; http:��f lystocks.bio.indiana.edu). hdp2 Dro-
sophila was a generous gift from Jim Vigoreaux (University of
Vermont, Burlington). The tinC-GAL4 transgenic Drosophila
(29) was generously provided by Manfred Frasch (Mount Sinai
School of Medicine, New York). For the screen of Exelixis
stocks, the hemizygote progeny from crosses of the Exelixis
stocks with w1118 were evaluated to remove potential effects of
the balancer chromosomes.

Generation of Transgenic Drosophila Harboring �sgwt and �sgS151A.
The cDNA corresponding to human wild-type �sg (�sgwt) (Gen-
Bank accession no. NM�000337) was obtained by RT-PCR from
human myocardium, subcloned in to pCR-II vector (Invitrogen),
and the DNA was sequenced. Next, oligonucleotide primers
were designed to introduce a new BstBI restriction enzyme site
and the corresponding S151A mutation. The �sgwt and �sgS151A

constructs were subcloned into pUAST, sequenced, and injected
into Drosophila embryos according to established methods to
generate transgenic Drosophila (44). Eight and 10 independent
lines with UAS-�sgwt and UAS-�sgS151A transgenes, respectively,
were obtained and propagated.

For constitutive transgene expression, the UAS-�sgwt or UAS-
�sgS151A was crossed with the tinC-GAL4 transgenic Drosophila
(p[tinC]-Gal4), and the F1 progeny were studied at 7 days of age.
For inducible transgene expression, the UAS-�sgwt or UAS-
�sgS151A was crossed with hsp70-GAL4 transgenic Drosophila
(p[hsp70]-GAL4). The F1 progeny were maintained at 25°C and
exposed to a heat shock at 37°C for 1 h every 24 h over a 3-day
period. Uninduced transgenic flies were maintained at 25°C and
did not receive heat shock stimulus. All f lies were analyzed at 7
days of age.

OCT Measurements and Analysis of Cardiac Function. Flies of similar
body length (�3 mm) and weight (22–25 mg per 20 flies) were
preselected from each group under a calibrated microscope.
Flies were subjected to continuous CO2 for 3–5 min and then,
under microscopic view, gently placed on a plate of GelWax
(Yaley Enterprises, Redding, CA) for immobilization with the
dorsal aspect facing the OCT source and allowed to fully awaken
as ascertained by movement of the head, body, and extremities.
Images were obtained at 22°C unless otherwise specified. The
OCT system was built by Michael Choma and Joseph Izatt
(Biophotonics Laboratory, Duke University) as described (15).
Two-dimensional OCT imaging was composed of one-
dimensional line scans acquired as the probe moved laterally
across the specimen with a sweep speed of 4,000 lines per second
by using a 1,300-nm light source (15). Two-dimensional B-mode
images were obtained in the longitudinal direction to identify the
cardiac chamber in the A1-3 abdominal segments and then the
OCT image orientation was turned 90° to obtain transverse
images. M-mode OCT images were obtained in the transverse
plane by stopping the scanning mirror in the midline and
collecting continuous image data. After obtaining M-mode
images, repeat B-mode transverse images were obtained to
ensure proper anatomic localization throughout image acquisi-
tion. All images were calibrated with a 150-�m standard.

M-mode images were used to determine cardiac parameters
and derived by averaging a minimum of three cardiac cycles
during normal regular rhythm. Cardiac chamber dimensions
were measured from the edge of the superior and inferior walls
during mid-diastole for EDD and mid-systole for ESD. Frac-
tional shortening (FS) was calculated as [(EDD � ESD)�EDD]
� 100 and represents the extent of cardiac chamber area change
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during systole. Heart rate was calculated from 2.5-s M-mode
tracings during normal regular rhythm.

Histology and Electron Microscopy of Drosophila Myocardium. Seven-
day-old female w1118 and TnI homozygote Drosophila were
processed for electron microscopy as described, except all studies
used Karnovsky fixative (3% formaldehyde�3% glutaraldehyde
in 0.1M Na-cacodylate buffer, pH 7.35) (Tousimis, Rockville,
MD). Semithin araldite sections were stained 1% Toluidine Blue
for electron microscopy (45).

Statistics Analysis. Data are shown as mean � SEM. Compari-
sons of chamber dimensions were determined by analyses of
variances with Bonferroni corrections for multiple corrections
when necessary using SAS statistical software (SAS Institute,
Cary, NC).
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